the EF-hand superfamily of calcium-binding proteins Centrin is a calcium-binding phosphoprotein of [9, 15, 20]. Previously, cDNA clones encoding two centrosomes, mitotic spindle poles, and flagellar basal highly related, yet distinct, human centrin isoforms apparatus. Indirect immunofluorescence studies in have been identified. One isoform, human centrin 1 human and rat retinas reveal centrin localization in (HsCen1), was isolated from a human testis cDNA litwo distinct cellular structures: at centrosomes of non-brary [9], and the other, human caltractin, or human ciliated neuronal cells as well as in basal bodies, and centrin 2 (HsCen2), was isolated from two human in larger amounts in the highly modified cilium-the cDNA libraries constructed from primary cultured umconnecting cilium-of photoreceptor cells. Western bilical vein endothelia mRNA and from T-cell lymphblot analyses of mammalian retinal proteins show two oplastic leukemia (MOLT-4) mRNA, respectively [15]. closely migrating centrin bands at about 20 kDa, the Additionally, a mouse cDNA encoding mouse centrin 1 previously described molecular weight of centrins. Us-(Mcen1) was isolated from a testis cDNA library [20]. ing isoform specific primers in PCR, the expression of The deduced protein products of these cDNA clones are two related but distinct forms of centrin (centrin 1 and each 172 amino acids in length and show approxicentrin 2), can be identified in the retina of human and mately 85-90% sequence identity. Sequence analyses rat as well as in the mammalian testis, tissues where suggest that the two testis-derived products (HsCen1 cilia are present. However, only one isoform (centrin 2) and MmCen1) are more closely related to one another is expressed in nondifferentiated, nonciliated retinal than they are to the cell line-derived product (HsCen2). 
INTRODUCTION
connecting cilium of photoreceptor cells [45] . Present immunofluorescence microscopy demonstrates this Centrin is a low molecular weight calcium-binding unique localization of centrin within the connecting cilprotein that is found in centrosomes and mitotic spin-ium of photoreceptor cells in the human and rat retina, dle poles of all eukaryotic cells and at the flagellar basal in addition to the localization of centrin at the apparatus of ciliated and flagellated cells [see reviews: centrosome of nonciliated neuronal cells. 6, 24, 32] . Centrin plays an essential role in centrosome Using PCR primers that discriminate between the duplication and separation during the cell cycle [24] . two isoforms of human centrin (HsCen1 and HsCen2), In addition, in certain cells, centrin mediates the pro-we have identified both isoforms amplified by RT-PCR cess of microtubule severing during flagellar excision in both human and rat retina. This is the first demon- [29, 30] . Sequence analysis of cDNA clones encoding stration of both centrin isoforms expressed in the same centrin has demonstrated that centrin is a member of tissue and also shows this dual expression in mammals other than human. Using the same primer combinations, analysis of cDNA from rat testis yields both cen- 1 To whom correspondence and reprint requests should be ad-trin isoforms, while expression in liver and skeletal and dressed at Zoologisches Institut I, Universitä t Karlsruhe (TH), Korn- cardiac muscle is restricted to the centrin 2 isoform.
blumenstr. 13, D-76128 Karlsruhe, Germany. E-mail: DC13@RZ. Uni-Karlsruhe.de.
Furthermore, using a human undifferentiated, noncili-10 0014-4827/98 $25.00 Copyright ᭧ 1998 by Academic Press All rights of reproduction in any form reserved. against antibodies differing from the primary antibody being used, ated retinal cell line (retinoblastoma cell line Y79), we and nonimmunoserum or preimmunoserum from rabbit used in place have been successful in amplifying only the HsCen2 of the primary antibodies. In no case was a reaction observed in the isoform. These results suggest that while both centrin controls. The retinal sections were examined and photographed with isoforms are expressed in the retina, one of these (cen-a Nikon Microphot FXA microscope. Kodak Ectachrome 400 slide film (exposed at 900 ASA) was used for photographic documentation. trin 1) may be restricted to particular cells.
Tissue isolation and tissue culture. Retinas, testis, liver, skeletal, and cardiac muscle were dissected from adult Sprague-Dawley rats
MATERIALS AND METHODS
or mice of the strain C57Bl/6J that had been kept on a 12 h light/12 h dark cycle. All treatments in this study conformed to the National Antibodies. Two different anti-centrin antibodies were used for Institute of Health and the ARVO statement for the use and care of this study: The polyclonal rabbit antiserum 26/14-1 (MC1) and the animals in research. The human retina used was obtained from a monoclonal antibody clone 20H5, raised against bacterially ex-54-year-old male eye donor 18 h postmortem. The tenets of the Declapressed Chlamydomonas centrin [2, 4, 9] . Antibodies against g-tu-ration of Helsinki were followed. Retinoblastoma Y79 cells (American bulin were kindly provided by Drs. H. D. Joshi (Atlanta, GA, U.S.A.)
Type Culture Cell, Rockville, MD, U.S.A.) were grown as suspension and S. Rensch (EMBL, Heidelberg, Germany).
cultures in RPMI 1640, 15% fetal calf serum using standard tissue culture techniques. Immunoprecipitation. Rat tissues were isolated, lysed as described by Wolfrum [45] , and centrifugated (15 min; 15,000 rpm;
RNA extraction, reverse transcription, and PCR. Total RNA was 4ЊC). The soluble protein fraction was diluted in immunoprecipitaisolated from Retinoblastom cells (Y79), mouse and rat tissues using tion buffer (IB) A (190 mM NaCl, 1 mM CaCl 2 , 2.5% Triton X-100, the TRI reagent (Molecular Research Center, Inc.) or using TRIZOL 50 mM Tris, pH 7.4) containing a protein inhibitor cocktail (0.1 mM reagent (Life Technologies, U.S.A.). Samples of purified total RNA phenylmethylsulfonyl fluoride (PMSF), 0.42 g/ml leupeptin, 0.083 g/ were DNase treated for 15 min to remove genetic DNA. Poly-dT ml pepstatin A, 0.83 g/ml aprotinin obtained from Sigma). For immuprimed cDNA synthesis (reverse transcriptase reaction (RT)) was noprecipitation, anti-centrin serum MC1 was added and the samples performed using the Invitrogene cDNA Cycle kit and 5 mg total RNA were rocked at 4ЊC overnight. After adding protein A/G-Sepharose as per directions. In control preparations, samples of total RNA isolabeads (Pierce, Rockford, IL, U.S.A.), samples were incubated for at tion DNase treated or untreated, were used in PCR without prior least 2 h at 4ЊC. Immunocomplexes were collected by centrifugation cDNA synthesis. Human retina cDNA, poly-dT primed and purified and analyzed by SDS-PAGE followed by Western blotting. As conto remove interfering RNA and genomic DNA, was purchased from trols, lysed tissues were incubated with protein A/G-Sepharose Clonetech (Quick-Clone Human retina cDNA; Lot No. 24317). PCR beads without prior antibody incubation.
was performed in a volume of 50 ml using 2 ml of prepared cDNA as per directions, 5 ng of purchased human cDNA, and 0.25 mg of each SDS-PAGE and Western blot. SDS-polyacrylamide gel electroprimer per reaction. As positive controls in PCR, amplifications of phoresis (SDS-PAGE) was performed as described in Wolfrum [45] , HsCen1 from an approximate 1100-bp EcoRI fragment of a bluescript using 15% polyacrylamide gels. Gels were transferred onto Immobihuman centrin 1 clone [6] or of glyceralaldehyde-3-phosphate dehylon PVPF membranes (Millipore Corp., Bedford, MA, U.S.A.). For drogenase (GAPDH) were performed. Cycling conditions were 30 cytransfer, gels were soaked for 15 min in transfer buffer (KH 2 HPO 4 cles at 94ЊC for 1 min, 55ЊC for 2 min, 72ЊC for 3 min, followed by a buffer, pH 7.0) and transferred at 20 V overnight 4ЊC using a Hoeffer 10-min 72ЊC extension. PCR product lengths were determined on TE Transpor unit (Hoeffer Sci. Inst., San Francisco, CA, U.S.A.) onto 0.8% agarose gels. As DNA markers, a 1-kb DNA ladder or fX-174 prewetted membranes. After transfer, membranes were fixed for 45 HaeIII marker obtained from GibcoBRL Life Technologies (Gaithersmin with 0.2% (v/v) glutaraldehyde in transfer buffer, washed in burg, MD, U.S.A.) were used. Sequencing (Applied Biosystems se-TBS (10 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl 2 ) containing quencers) of PCR products was performed in the Mayo Clinic Molec-0.05% Tween 20 (v/v) (washing buffer), and blocked with 5% nonfat ular Biology Core. For sequence comparisons and oligonucleotide dry milk in TBS for 2 h. After three rinses in washing buffer, memgeneration the computer program DNAsis (Hitachi Software Engibranes were incubated with anti-centrin antibodies in nonfat dry neering Co., San Bruno, CA, U.S.A.) was used. milk (2 h at 37ЊC or overnight at 4ЊC), washed, and incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (Lot No.
PCR Primers used for RT-PCR and sequencing.
(1) Primers spe-57424, Cappel Oreganon Teknika Corp., Durham, NC, U.S.A.) dicific for human centrin isoforms: HsCen1-primers, the forward luted in nonfat dry milk for 2 h at 37ЊC. The antibody-alkaline primer HsCen1-R1 (5-CGGGAAGCATTTGACCTCTTCGAC-3) and phosphatase complex was visualized by the reaction with BCIP/NBT the reverse primer HsCen1-R3 (5-GCTGGTCTTCTTCATGATCCG-(Sigma FastTM, Sigma, St. Louis, MO, U.S.A.).
3). HsCen2-primers, the forward primer HsCen2-R1 (5-CGGGAA-GCTTTTGATCTTTTCGAT-3) and the reverse primer HsCen2-R3 Fluorescence staining of retinal cryosections. Isolated retinas were cryofixed in melting isopentane and cryosectioned as described (5-GCTGGTCTTTTTCATGATGCG-3).
(2) Primers specific for mouse caltractin or MmCen1-primers: the in Wolfrum [42, 43] . Sections were placed on coverslips precoated with 0.05% aqueous poly-L-lysine (Sigma) and stored at 0-4ЊC until forward primer MmCen1-R1 (5-CGGGAAGCCTTTGACCTCTTC-GAT-3) and the reverse primer MmCen1-R3 (5-GTTGGTCTTTTTimmunolabeling: Cryosections were incubated first with 0.01% Tween 20 in 0.15 M phosphate-buffered saline (PBS), pH 7.3, for 10 CATGATCTT-3). HsCen2 primers amplified human cDNAs as well as from other vertebrate and mammalian species. HsCen1 primers min and washed in PBS. After blocking with 0.5% fish gelatin (Sigma) plus 0.1% ovalbumin (Sigma) in PBS (blocking buffer) for did not amplify cDNA from mammalian species other than human.
Since the published sequence of mouse centrin (MmCen1) [20] is 10 min, one of the primary antibodies in blocking buffer was placed on each section for 12 h at 4ЊC. Unbound antibodies were subse-more closely related to HsCen1 than HsCen2, MmCen1-specific primers were generated to similar regions as the human centrin primers. quently washed out three times with PBS and specific secondary antibodies, fluorescein-isothiocyanate (FITC)-or rhodamine-conjuMmCen1 and HsCen 2 primers were used in PCR to distinguish between centrin isoforms in mouse and rat tissues. gated anti-rabbit-IgG and anti-mouse-IgG antibodies (Lot Nos. 55666 and 55646, Cappel Oreganon Teknika Corp.) in blocking buffer were (3) Following primer for glyceralaldehyde-3-phosphate dehydrogenase (GAPDH) where used in control PCR amplifications of a 249-placed on each section for 1 h at room temperature in the dark. After washing in PBS, the sections were mounted in Vectashield (Vector bp product: the forward primer (5-TGATGACATCAAGAAGGTGGT-GAAG-3) and the reverse primer (5-TCCTTGGAGGCCATGTAGLaboratories, Burlingame, CA, U.S.A.). Controls included: (i) the omission of primary or secondary antibody, (ii) a secondary antibody GCCAT-3).
human and rodent retinas. Staining with anti-centrin antibodies reveals that centrin is localized in the retinas in two basically different cellular structures ( Fig.  2) : At the centrosomes and at the basal bodies of retinal cells it is colocalized with g-tubulin (Figs. 2D and 2E) . Interestingly, in contrast to g-tubulin antibodies, which react equally with both centrioles, the antibodies to centrin stain one centriole brighter than the other. The brighter centriole is probably the maternal centriole. Identical differences in the centrin staining pattern show spindle poles during mitosis [24] . However, centrin is present more intensely in the connecting cilium of the photoreceptor cells (Fig. 2 and [45] ). This nonmotile cilium links the light-sensitive outer segment of the photoreceptor cell to the metabolically active inner segment, with all intracellular transport between both segments occuring through this slender connecting cilium.
Differential Amplification and Sequence Comparison of Centrin Isoform cDNAs in Mammalian Retinas
In previous studies, it has been shown that two distinct centrin isoforms are expressed in different human cell types. A single isoform has been described in centrin isoforms are expressed in mammalian species diac muscle (heart). Lane 7: Control precipitation of lysed rat cardiac other than human. To address these questions, isomuscle without antibodies. In all preparations except the controls, form-specific primers were synthesized for PCR amplicentrin antibodies recognize bands at about 20 kDa (arrow). fication using the published sequence for human centrin 1 (HsCen1) isolated from a testis cDNA library [9] or human centrin 2 (HsCen2), also known as human Ltd., San Bruno, CA, U.S.A.), the sequences of both Western blot analysis reveals that anti-centrin antibodies recognize protein bands at a molecular weight human centrin isoforms were screened for divergent sequence regions. These divergent regions were used of about 20 kDa, the previously described molecular weight of known centrins [24] . In human and rodent to generate sense and anti-sense primers specific for either HsCen1 or HsCen2. retinas, anti-centrin antibodies stain polypeptides at 20 kDa which comigrate with purified bacterially exTo determine whether human centrin isoforms HsCen1 and HsCen2 are both expressed in human retipressed Chlamydomonas centrin [4] (Fig. 1; lanes 1-4) . The labeling of the bands is inhibited when anti-nas, 2 ml of purchased human retinal cDNA were amplified by PCR using primers specific for either HsCen1 centrin antibodies were preincubated with Chlamydomonas centrin (Fig. 1, lane 5) . The monoclonal anti-or HsCen2. Each primer combination generated a product of similar length (Fig. 3) ; however, upon sequence centrin antibody, clone 20H5, also immunoprecipitates centrin from lysed other rat tissues, e.g., cardiac mus-analysis, those products generated with HsCen1 primers showed 100% identity to the published human cencle (Fig. 1, lane 6) . The presence of centrin in retinas has been also verified in all mammalian species investi-trin 1 sequence, and those generated with HsCen2 primers were 100% identical to the published human gated (e.g., ground squirrel, bovine [45] ).
Indirect immunofluorescence was applied to immu-centrin 2 sequence. Interestingly, amplification of cDNA generated from nocytochemically localized centrin in tissue sections of the total RNA extracted from retinoblastoma cells nated as rat centrin 1 (RnCen1). The sequence of HsCen2-amplified PCR products from rat and mouse (Y79), which are undifferentiated, nonciliated retinal cells, was restricted to the primer combinations specific retina were more related to HsCen2 and have designed as rat centrin 2 (RnCen2) and mouse centrin 2 for human centrin 2 and for the control gene of GAPDH (Fig. 3) . Repeated amplifications using HsCen1 primer (MmCen2). The comparison of the DNA sequences of the PCR products amplified from human and rat as pairs failed to produce a product. Sequence analysis of the retinoblastoma PCR product generated with well as mouse transcripts are summarized in Table 1 . HsCen2 primers confirmed 100% identity to human centrin 2.
Tissue-Specific Expression of Centrin Isoforms Using reverse transcriptase reactions, DNased total RNA from isolated retinas of rats and mice were tranFinally, to address the question of whether dual expression of centrin isoforms is restricted to the retina, scribed into cDNA. In controls of total RNA preparations, genomic DNA was not amplified. However, am-or also occurs in other tissues, RT-PCR using our isoform-specific primer combinations was performed on plification of synthesized rat cDNAs using either MmCen1 or HsCen2 primer combinations generated total RNA extracted from adult rat tissues. Comparisons were made between retina and testis which both PCR products of similar length (Fig. 4) . Sequence analysis of these products revealed two different centrin contain ciliated cells and tissues where ciliated cells are not found, including liver and skeletal and cardiac isoforms. The sequence of the PCR products generated from rat retina cDNA using MmCen1 primers was muscle. In the testis as well as in the retina both centrin isoforms, RnCen1 and RnCen2, were expressed more related to HsCen1 and to the published sequence of mouse caltractin (MmCen1), and has been desig- (Fig. 4) . In contrast, in the nonciliated cell tissues (i.e., HsCen2, the antibodies which were used to not discriminate between the centrin isoforms. Therefore, it cannot be inferred that the two major bands which are visible in anti-centrin Western blots represent two distinct isoforms of centrin. However, staining of identical bands in control tissue which do not consist of ciliated cells indicate that they are probably the result of protein degradation or posttranslational modifications (e.g., phosphorylation [21] ).
Dual Expression of Centrin Isoforms in the Mammalian Retina
Since the two cDNA clones of human centrin isoforms, HsCen1 and HsCen2, have been isolated in two distinct cDNA libraries [9, 15] , it remained unclear whether the centrin isoforms are tissue specific or are coexpressed in a single tissue. Here we demonstrate for the first time the dual expression of the two centrin isoforms in a single well-defined tissue, the mammalian retina. We duplicated and verified this result in low levels undetectable by the highly sensitive RT-PCR method of analysis used here or it may be expressed at restricted times during the cell cycle. liver and skeletal and cardiac muscle), only the centrin Isoforms and isotypes are well known for cytoskeletal 2 isoform (RnCen2) was expressed (Fig. 4) . The results proteins, e.g., for actin and for a-and b-tubulin, which are compared in Table 2 .
DISCUSSION
Centrin was first described as a 20-kDa phosphoprotein of lower eukaryotes in green algae [24, 25, 27, 28, 35] . In mammals, however, there are contradictory reports on the molecular mass of the centrins or centrin-like proteins. Western blot analyses in different cells and tissue show a range in molecular weight from 165 kDa, 62-64 kDa to about 20 kDa [1, 9, 15, 19, 21] , the molecular weight of centrins and centrin-like proteins in lower eukaryotes [e.g., 11, 25, 38]. Here we   FIG. 4 . RT-PCR analysis of centrin isoforms in rat tissues. In demonstrate by SDS-PAGE and Western blot analysis retina and testis-tissues containing ciliated cells-centrin isoformthat in the neuronal retina of different mammals, cen-specific primers amplified 420-bp products of rat centrin 1 and rat trin has a molecular weight of about 20 kDa [see also: centrin 2. Using the same primers in liver, skeletal muscles (muscle), 45 ]. This result is in agreement with the predicted and and cardiac muscle (heart) only a PCR-product for rat centrin 2 product is detected. / Control: HsCen1 amplification from a 953-bp estimated molecular mass of the two cloned human fragment of bluescript human centrin 1 clone. As an additional concentrin isoforms, human centrin 2 or human caltractin trol, 249-bp fragments of GAPDH were amplified from rat tissues; (HsCen2, M r Å 19,570), as well as human centrin 1 the amplified product of heart cDNA is shown as an example. 0 (HsCen1, M r Å 19,738) [9, 15] . Since the deduced pro-Control no template; marker (M), 1-kb DNA ladder: 12,216-1,018, 506, 517, 396, 344, 298, and 220-75 bp.
tein sequence is 84% identical between HsCen1 and Here we electron microscopy clearly reveals that centrin is localclearly show that in mouse, rat, and human, two re-ized in the mammalian retina in two basically distinct lated but distinct centrin isoforms exist which are also structures: the centrosomes and the basal bodies and coexpressed in specialized tissue containing ciliated in the modified connecting cilium of photoreceptor cells cells. We suggest that all mammals may have at least [present study and 45] . Although anti-centrin antibodtwo centrin isoforms. Protein isoforms can be the prod-ies cannot distinguish between the two centrin isoucts of separate gene expression or posttranslational forms, the finding that the expression of centrin 1 is modifications of a single gene product. In human, the restricted to ciliated cells together with the cellular expression of centrin isoforms arises from the expres-localization of centrin within the connecting cilium sugsion of different gene products from genes which map gests that the centrin isoform which is present at the to chromosome 18 and chromosome X for HsCen 1 and cilium of the ciliated cells is probably centrin 1. outer segment of the photoreceptor cell through which a high bidirectional transport must occur [7, 8, 17, 22 , Immunohistological Localization of Centrin in Two 41]. The localization of centrin in two basically different Basical Distinct Structures cellular structures within the mammalian retina may also implicate distinct cellular functions of centrin, and In mammalian cell lines, centrin was previously deit is possible that centrin may also participate in the scribed as a component of the spindle poles, the centritransport through the connecting cilium of the photoreoles of centrosomes, and their pericentriolar lattice or ceptor cells [45] . However, centrins may also regulate, satellites [2, 3, and for review see 24, 32] . Although the like calmodulin enzymatic activities in a Ca 2/ -depenfunction of centrin in vertebrates is not yet known, dent matter [21] . Differential localization of centrin isocentrin might play an essential role in centrosome duforms using isoform-specific antibodies should provide plication [24] and in microtubule severing [29, 30] . The latter possibility leads to the suggestion that at more evidence for the deduction of specific cellular 
